The collocation of cropland and wind turbines in the US Midwest region introduces complex meteorological interactions that could influence both agriculture and wind-power production. Crop management practices may affect the wind resource through alterations of land-surface properties. We use the weather research and forecasting (WRF) model to estimate the impact of crop height variations on the wind resource in the presence of a large turbine array. A hypothetical wind farm consisting of 121 1.8-MW turbines is represented using the WRF model wind-farm parametrization. We represent the impact of selecting soybeans rather than maize by altering the aerodynamic roughness length in a region approximately 65 times larger than that occupied by the turbine array. Roughness lengths of 0.1 and 0.25 m represent the mature soy crop and a mature maize crop, respectively. In all but the most stable atmospheric conditions, statistically significant hub-height wind-speed increases and rotor-layer wind-shear reductions result from switching from maize to soybeans. Based on simulations for the entire month of August 2013, wind-farm energy output increases by 14 %, which would yield a significant monetary gain. Further investigation is required to determine the optimal size, shape, and crop height of the roughness modification to maximize the economic benefit and minimize the cost of such crop-management practices. These considerations must be balanced by other influences on crop choice such as soil requirements and commodity prices.
Introduction
The abundance of realized and potential wind-power resources in the agriculture-intensive Midwest and Great Plains regions of the USA stimulates discussion on the interactions between wind farms and cropland (Baidya Roy and Traiteur 2010; Rajewski et al. 2013 ). Such interaction is already a reality in states such as Texas, Iowa, Illinois, Oklahoma, and Kansas, where wind power has become established and agriculture has long been a way of life. Future projections, such as the 20 % wind energy by 2030 report by the US Department of Energy (2008) , recognize the tremendous wind potential of the "Bread Basket" wheat-producing Great Plains states and the "Corn Belt" maize-producing Midwest states; these studies suggest the aforementioned regions will play a dominant role in the evolving USA energy landscape. By necessity, most wind farms in these states are located on existing cropland. Therefore, wind turbines have the potential to alter crop growth through the modification of surface fluxes of heat and moisture (Zhou et al. 2012; Harris et al. 2014) . Conversely, crop growth and harvesting cycles modify local surface properties, the effects of which can influence the wind resource aloft (e.g., changes to the rotor-layer wind speed, wind shear, and vertical momentum fluxes).
Long before wind power became an important contributor to the energy market, the impacts of the land surface on atmospheric flow were an intense area of study. Landscape features (such as crops) can affect the momentum field aloft through frictional surface drag. This process is often modelled using an aerodynamic roughness length, z 0 . Large roughness elements-buildings, trees, and wind turbines, to name a few-affect the wind profile over a larger vertical extent, and therefore have larger roughness lengths than smaller roughness elements. The spatial configuration of the elements also determines the roughness length: a dense, regular grid of elements affects air motions differently than sparse, irregularlyarranged structures. When one roughness regime gives way to another, the flow near the ground gradually adjusts to the new surface characteristics. This process is often represented mathematically by local internal boundary layers (IBLs), which grow vertically downstream of a roughness boundary (Elliott 1958; Panofsky and Townsend 1964; Townsend 1965; Peterson 1969; Blom and Wartena 1969) .
The wide range of observed roughness lengths presents an additional challenge when using numerical modelling to simulate land-atmosphere interactions. At synoptic and mesoscale grid resolutions, roughness is almost always inhomogeneous across any given grid cell. It therefore becomes necessary to parametrize this inhomogeneity in the model representation of the land surface. One solution is the concept of the effective roughness length, in which a homogeneous roughness value is chosen that results in atmospheric wind profiles and/or surface stresses that match, as closely as possible, the values that would be obtained by averaging the flow field over the actual heterogeneous surface. Many approaches to formulate effective roughness lengths have been proposed, ranging from simple averages (Fiedler and Panofsky 1972) to the concept of a blending height (Mason 1988; Claussen 1990; Goode and Belcher 1999; Bou-Zeid et al. 2004) , the height at which individual roughness perturbations blend into a spatially homogeneous flow field (Wieringa 1976) . Later references to roughness and to z 0 imply an effective roughness length.
As interest in wind power grows, the effects of wind-farm development on regional and global climate have been simulated by modifying the roughness lengths used in atmospheric models (Ivanova and Nadyozhina 2000; Keith et al. 2004; Kirk-Davidoff and Keith 2008; Barrie and Kirk-Davidoff 2010; Prinn 2010, 2011) . These studies attempt to quantify the aggregate effect of turbines on the large-scale wind field, boundary-layer temperature and precipitation. Such simulations have also been used to suggest physical limits to the global wind-power resource that result from momentum extraction by large quantities of expansive wind farms (Jacobson and Archer 2012; Adams and Keith 2013) . There are pitfalls to the roughness approach, however: uncertainty in choosing an appropriate roughness value, unrealistic representations of boundary-layer profiles (Fitch et al. 2013b) , and potentially erroneous values of wind-turbine density (Adams and Keith 2013) . The modification of roughness lengths to represent wind turbines also prevents the simulation of the effect of natural roughness variability on wind-farm output, which is fundamental to the questions posed herein. Fortunately, it is also possible to simulate wind farms at large scales by using elevated drag parametrizations to represent the extraction of momentum and production of turbulent kinetic energy (TKE) at turbine-rotor level heights. Research efforts utilizing this method include: Baidya Roy et al. (2004) , who used a constant momentum sink and TKE source, Blahak et al. (2010) and Baidya Roy (2011) , who based the fraction of energy extracted on the power coefficient of a commercial turbine, and Bukovsky (2011), Fitch et al. (2012) , and Adams and Keith (2013) , who used velocity-dependent thrust and power coefficients to partition extracted power into electricity and turbulence. Jacobson and Archer (2012) also use the latter approach, but neglect direct TKE production in favour of an implicit source resulting from the wind shear in the wake layer. Fitch et al. (2013b) demonstrated the benefits of using an elevated drag approach over a roughness length modification; simulated diurnal cycles of wind-speed deficit, TKE, and temperature change were reversed between the two approaches, with the elevated drag approach matching the few studies of wind-farm wakes currently available (Christiansen and Hasager 2005; Baidya Roy and Traiteur 2010; Zhou et al. 2012) . Though the aforementioned studies yield insight into wind-turbine impacts on the atmospheric diurnal cycle, our knowledge of interactions between wind farms and the land surface remains primitive.
In this study, we use a numerical weather prediction model to test the hypothesis that windfarm power output can be enhanced through the selective planting of lower-roughness crops on the underlying land surface. We use an elevated drag wind-farm parametrization (WFP), which allows for the modification of roughness in the presence of a representative wind farm. In Sect. 2, we describe the model domain and physics, the method used to represent roughness, and the WFP. The impact of switching from maize to soybeans on the wind profile at the centre of the hypothetical wind farm is discussed in Sect. 3, and we analyze the streamwise wind-speed changes for four defined stability classes in Sect. 4. A simple economic analysis is performed and a short discussion of the roughness effect in the context of future turbine trends is provided within Sect. 5. Finally, we discuss limitations in our analysis and potential future avenues of research in Sect. 6.
Model Configuration and Methods
To simulate large-scale-roughness impacts on wind turbines, an atmospheric model with an elevated-drag wind-farm representation is required. Version 3.4.1. of the weather research and forecasting (WRF) model is used, which includes the WFP (hereafter referred to as the WRF-WFP model) described in Fitch et al. (2012) . The WRF model is a collaborative effort between the National Center for Atmospheric Research and the geoscience community, built with a modular design that allows for multiple solver, physics, data, and grid options. The advanced research WRF model dynamical core features a fully-compressible, non-hydrostatic, timesplit integration solver with an Arakawa-C staggered horizontal grid and a stretched terrainfollowing vertical grid (Skamarock et al. 2008) .
Although a very limited set of observations is available for field validation of this model, initial investigations have demonstrated its ability to qualitatively reproduce measured power deficits at the Horns Rev offshore wind farm (Jiménez et al. 2014) . The WRF-WFP model's performance over a diurnal cycle has been explored by Fitch et al. (2013a) , in which the model produced near-surface temperature perturbations similar to those from large-eddy simulations of wind-farm impacts on flow. Unlike simpler surface-based roughness representations of wind farms, the WRF-WFP model correctly replicates the elevated vertical location of the wind-farm momentum deficit as well as secondary flow features such as near-surface speedup in stable conditions (Fitch et al. 2013b ). The WRF-WFP model is now being used by the community to address broader scientific questions, such as a recent study analyzing the impact of European wind farms on regional climate (Vautard et al. 2014) .
The model domain configuration utilized herein consists of three two-way nested domains with horizontal resolutions of 31.25, 6.25, and 1.25 km, respectively. All three domains feature 60-level vertical grids, with approximately 15-m cell spacing from the surface to 120 m, a typical maximum height for a modern utility-scale turbine. The vertical grid spacing then progressively stretches from the height of 120 m to the model top. Our simulations utilize the rapid radiative transfer model longwave and Dudhia shortwave radiation schemes, the WRF model single-moment six-class microphysics scheme, the Noah land-surface model, and the MYNN planetary boundary-layer (PBL) scheme. The Grell three-dimensional cumulus parametrization is used to simulate convection on the two coarser domains. ERA-interim boundary and initial condition data are used to drive the weather in the outer domain. These choices for physics options and boundary conditions have been selected based on the simulations of Vanderwende et al. (2015) . The coarsest domain spans the entire continental USA while the finest domain roughly encompasses the State of Iowa (Fig. 1) . In addition to being the largest US producer of both maize and soybeans, Iowa is also a leader in the early adoption of wind energy. In 2013, power producers in Iowa met over 27 % of the state's electricity needs with wind farms (American Wind Energy Association 2014). Therefore, Iowa is a natural location to study crop-wind interactions.
Furthermore, central Iowa is the location of the crop-wind energy experiment (CWEX), a multi-year field campaign designed to investigate turbine-crop interactions (Rajewski et al. Additional details of the deployment are provided in Lundquist et al. (2014) . These observations were used in Vanderwende et al. (2015) to evaluate the ability of the WRF model to simulate observed nocturnal low-level jets (LLJs). The skill demonstrated by the WRF model in simulating such complex phenomena at this site justifies its use in the present study. Low-level flow in summer at the CWEX site is typically driven by a synoptic weather pattern that features broad south-south-westerly flow circulating around a large sub-tropical anticyclone to the south-east. The LLJ punctuates this weather regime, accelerating the southerly winds aloft at night (Bonner 1968) . This general pattern is occasionally interrupted by frontal passages from the north, with associated northerly winds and unsettled weather. All of these weather conditions were observed during the CWEX 2013 field campaign .
Configuration of the Simulated Wind Farm
We use the WRF-WFP model to represent a hypothetical wind farm with a regular square layout at the CWEX location within the finest model domain. The wind farm consists of 121 1.8-MW Vestas V90 turbines, with rows and columns spaced six rotor-diameters (540 m) apart to avoid wake influences among the turbines. The rated capacity (218 MW) of this modelled wind farm lies within the range of existing wind farms in central Iowa, though we do not recreate the real-world configuration at the CWEX site, which features irregular geometry and a larger footprint. The 1.8-MW V90 turbines, specifications for which are listed in Table 1 , are designed for low-to-medium wind conditions. The operating range of the turbine is well suited to the August 2013 wind fields simulated by the WRF model, as shown by the expected power curve and modelled wind-speed distribution in Fig. 2 . Five wind-speed bins are defined, indicating the relative sensitivity of turbine power output to changes in the wind speed. For example, wind-speed changes in the 6-10 m s −1 range have the strongest impact on turbine output. Note that only rarely do wind speeds exceed 12 m s −1 , the magnitude at which rated power is reached.
Using Roughness to Represent the Two Crop Choices
The two most prevalent crops in Iowa are maize and soybeans, each of which has distinct characteristics when mature (in their reproductive growth stage). Therefore, these plants rep- For estimates of the effective roughness lengths associated with each crop, we turn to the Davenport roughness classification (Wieringa 1992) . Using the descriptions provided in the classification scheme, we assign maize to the rough category (z 0 = 0.25 m) and soybeans to the roughly open category (z 0 = 0.1 m). These values correspond to those of high and low crops, as described in the classification, and are representative of the ranges of observed roughness values (from studies such as Hicks and Wesely 1981; Wieringa 1993; Hansen 1993) for each crop surface (0.05-0.1 m for soybeans, 0.17-0.74 m for maize). Note that these values are used to simulate mature crops only; analyses at different periods of the crop growth cycle would require different representative roughness lengths.
Roughness Patch Considerations
Many exploratory modelling studies of wind-farm impacts and interactions use unrealistically large features to first establish the plausibility of a given phenomenon. Here, however, if the area over which the crop change is made (henceforth referred to as the roughness patch) is too large, then any possible power increase would be negated by the impracticality of managing land use over such a region.
Fortunately, we need not make a random guess as to an appropriate patch size. Mason (1988) suggested that the boundary layer should be in local vertical equilibrium with surface roughness up to height of L/200, where L is the horizontal fetch over the roughness patch. Using this relationship, we find that a fetch of 25 km over the roughness patch is required to allow the effects of surface drag to propagate up to the top of the turbine-rotor layer (125 m). The distribution of hub-height wind directions in August 2013, shown in Fig. 3 , indicates frequent south-south-westerly winds in both our lidar observations and WRF model simulations. The simulated winds mostly match the observed south-westerly-dominated distribution of wind directions. Small inaccuracies in simulated LLJs produce less spread in south-westerly wind directions in the WRF model output. Additionally, northerly wind directions were shifted to the north-east in the model run, largely due to erroneous positioning of a stationary front on 12 August. However, most inflow angles are accurately represented during the month, which justifies modifying the upwind roughness in those directions. To be conservative, we use a symmetric square roughness patch centred on the wind farm, yielding a fetch between 25 and 40 km depending on the exact inflow angle.
The spatial arrangement of the wind farm and the roughness patch is illustrated in Fig. 4 , which provides a close-up view of the innermost domain. The wind farm, indicated by the red square, measures 6.3 × 6.3 km 2 , while the roughness patch, indicated by the blue square, measures 56.3 × 56.3 km 2 .
Summary of the Simulation Suite
In all, 4-month-long simulations are produced spanning August 2013. (Recall, August was chosen as the month with the most significant differences between the heights and therefore roughness lengths of the crops.) The first two simulations compare the effect of maize versus soybean surface roughness in an atmosphere undisturbed by the presence of a wind farm. We use the term "freestream" to exclusively represent this undisturbed state throughout the remainder of this paper, i.e., a reference simulation with no wind-farm obstruction. The second set of simulations represent this crop effect in the presence of the hypothetical wind farm, which itself modifies winds aloft by extracting momentum from the flow and generating additional turbulence. In all figures, data from these four simulations are identified with the following abbreviations: FSM for freestream maize, FSS for freestream soybeans, WFM for wind-farm maize, and WFS for wind-farm soybeans. This suite of simulations allows us to determine whether the wind farm contributes to and/or inhibits the roughness effect in a significant way, and whether or not the effect of the surface is still distinguishable in the presence of a wind farm.
Effects of Crop Selection on the Local Wind Profile
In both the freestream and the wind-farm sets of simulations, changing from a maize to soybean surface roughness results in an increase in rotor-layer wind speeds and a decrease in rotor-layer TKE. Profiles of these changes are shown in Fig. 5 for one grid cell in the centre of the wind farm. Changes forced by crop selection are largest at the surface and slowly decay aloft. In the rotor layer, median wind-speed increases range from 0.2 to 0.35 m s −1 , while median TKE (e) decreases are between 0.01 and 0.04 m 2 s −2 . Given that the finest domain uses a 1.25-km resolution, turbulence is not resolved by the model grid but rather estimated by the MYNN PBL scheme. Despite this potential source of error, any changes to TKE production are important, as turbulence can affect turbine power output and increase stresses on the turbine structure (e.g., Eggers et al. 2003; Kelley 2011) .
Differences between the freestream and wind-farm results are generally small, with the largest changes in the rotor layer as would be expected. The presence of the wind farm reduces 
where g is the acceleration due to gravity, T v is the average virtual temperature of the layer, θ v is the difference in virtual potential temperature from the top of the layer to the bottom, z is the depth of the layer, and U and V are the differences in the zonal and meridional wind-speed components from the top of the layer to the bottom (Stull 1988) . Larger positive values of R B indicate increasing stability within the layer, while larger negative values indicate increasing instability.
The effects of the wind farm are most pronounced for stable conditions (values of R B between 0.05 and 0.3): an approximate 2 m s −1 wind-speed decrease and 1 m 2 s −2 TKE (e) increase. Rotor-layer changes in wind speed and TKE (e) are statistically significant for all displayed R B values according to the non-parametric Wilcoxon signed-rank test with p = 0.95 (Wilks 2011) . Lack of significance is indicated by the hatched areas. In general, increasing instability tends to disperse the effects of the wind turbines throughout a deep layer from the surface to 300-400 m above the ground, as would be expected in the presence of strong convective plumes. Meanwhile, increasing stability constrains wind-speed decreases and TKE (e) increases into ever-smaller layers centred on the upper half of the rotor disk. These results agree with previous assessments of the interaction of elevated-drag WFPs (Fitch et al. 2013a, b) with variations in stability.
The differences between the freestream and wind-farm results follow from the functional effects of the wind farm presented in Fig. 6 . The wind-speed increases resulting from the use of soybeans enable increased momentum extraction by the wind farm (and therefore increased power generation). Additionally, turbulence generation by the wind farm increases vertical momentum fluxes near the rotor layer, which mixes surface effects throughout a deeper vertical layer. The two mechanisms combine to dampen the crop effect on wind speeds in the rotor layer specifically. Ultimately, these differences between the freestream and wind-farm simulation suites are small and well within the sample uncertainty for each profile. There exists some debate as to whether elevated-drag parametrizations should explicitly add TKE (e.g., Jacobson and Archer 2012 assume implicit TKE generation). However, any hypothetical overestimation of TKE by the WRF-WFP model would only reduce the difference between the freestream and wind-farm results. Therefore, in the interest of brevity, all results hereafter utilize the simulations with the wind farm present.
The effect of crop roughness on rotor-layer wind speeds (Fig. 7) is much smaller than the effect of adding the wind farm to the maize simulation (Fig. 6) . However, note that for all but the most stable R B regimes, rotor-layer wind-speed differences between the maize and soybean simulations are statistically significant, even in the presence of the wind farm. These differences are a maximum in convective conditions, where maize-to-soybean wind-speed increases exceed 0.4 m s −1 . This wind-speed impact is lofted by vigorous convective plumes, with significant differences extending up to 500 m. Meanwhile, when the boundary layer is very stable, the roughness effect is confined to a small layer within the first 20 m above the surface (Mahrt 1999) . These results illustrate the importance of boundary-layer stability to crop-turbine interactions, which is comparable to the observed influence of stability on windturbine performance (Wharton and Lundquist 2012; Vanderwende and Lundquist 2012) . Also provided is the number of times each stability class was simulated by the model at the wind farm
Impacts Across the Wind Farm in Various Stability Regimes
The results presented up to this point have illustrated the changes to the wind profile at one location within the wind farm. However, mesoscale weather fluctuations and terrain forcing on the flow can induce variability in the wind field throughout the turbine array. Therefore, in this section, we analyze the impacts across the whole wind farm of the change from maize to soybeans. To enable concise presentation of the data, we define four stability bins using ranges of R B , which are summarized in Table 2 (along with number of occurrences in the simulation period). These bins are based on qualitative assessment of simulations as well as binning ranges used in prior analyses (Vanderwende and Lundquist 2012) . Median percentage changes in the 80-m (hub-height) wind speed and 35-125 m (rotorlayer) shear, computed using all 12 grid points within the wind farm for all time periods, are shown for the four stability classes in Fig. 8 . Here, we represent shear by the power-law coefficient, often referred to as α, where the power law describes the relationship between wind speeds at two heights assuming that the profile can be represented adequately by a power law, it viz., where u 1 and u 2 represent the wind speeds at heights z 1 and z 2 , respectively. As the power law is simpler than the logarithmic-wind profile, it is often used in the wind industry to represent the rotor-layer shear (Peterson and Hennessey 1977) . Values of α are known to vary considerably with boundary-layer stability (Walter et al. 2009 ).
The hub-height wind-speed increase produced by the switch from maize to soybeans is most strongly realized in convective (6.5 %) and near-neutral conditions (5.5 %). Stable conditions, which notably include the vast majority of LLJs, also yield significant windspeed increases (3 %). Only in very stable conditions, where surface drag influences do not penetrate to the rotor layer, do we see little hub-height wind-speed response.
The switch to soybeans reduces rotor-layer shear (α) for all stability classes, a result that is intuitive, since wind speeds are lowest near the surface. Therefore, if we preferentially increase wind speeds near the surface, low-level shear should decrease. Percentage changes in shear are large for convective (−23 %) and near-neutral (−13 %) conditions, though this result is mainly a consequence of the minimal shear present to begin with during those periods (shear is larger during stable conditions, and largest in very stable conditions Walter et al. 2009 ). Large reductions in shear were also produced for very stable conditions (−15 %), mainly because wind speeds increase at 35 m, but the roughness effect is typically capped below 125 m. Therefore, shear throughout the rotor layer is reduced. Meanwhile, in stable conditions, enough mixing occurs to produce small wind-speed increases at 125 m, reducing the impact on rotor-layer shear (7.5 %) compared to very stable periods. These reductions in shear (as with TKE) may improve turbine reliability, since high shear places a strain on the rotor through blade fluctuations out of the rotor plane (e.g., Eggers Jr et al. 2003) .
The spatial variation of the crop effect in the stream-normal axis is surprisingly small across the roughness patch, as shown for each stability class in Fig. 9 . For all time periods with a given stability class, a two-dimensional stream-normal slice centred on the middle of the wind farm is retrieved, and median percentage wind-speed changes are computed. Positive distances on the abscissa indicate downwind locations, while negative values represent those upwind; the extent of the roughness patch is indicated with vertical dashed lines. To avoid smearing of the roughness boundary due to the square shape of the patch, only wind directions within ±10 • of north-east, south-east, south-west, and north-west directions are included in the median calculation.
The growth rate of the momentum IBL exhibits little sensitivity to the stability regime, although, stability strongly influences the eventual maximum height of the crop-change influence. These effects are capped in stable and very stable conditions to approximately 200 and 100 m above the ground, respectively, though small yet statistically significant wind-speed Wind directions within ±10 • of north-east, south-east, south-west, and north-west are used to select only similar roughness fetches increases do occur above these heights. For the most part, the growth of the IBL is much more rapid in the WRF model than predicted by the relationship in Mason (1988) . Surface effects reach maximum magnitude throughout the rotor layer after only ≈13-km fetch for all but near-neutral conditions, in which the IBL develops slowly and wind-speed changes maximize after a 50-km fetch. These results imply that a considerably smaller roughness patch could be used to achieve the same wind-speed gains in the rotor layer.
To evaluate the impact of patch size, we performed four additional simulations of a 1-week period (20-27 August 2013 ). In these model runs, we switch from maize to soybeans over progressively smaller patch sizes, ranging from the original 56.3 2 km 2 down to 20 2 km 2 . In Fig. 10 , we show that crop choices over patch sizes smaller than that derived from Mason (1988) still produce significant gains in hub-layer wind speeds. Even at the top of the rotor, where we expect fetch to matter most, reduction of the patch area, from 56.3 2 to 20 2 km 2 , yields a wind-speed increase that is only 22 % smaller than the original result. Some caution is advised, however, as studies have found the WRF model to produce unrealistically large vertical mixing (e.g., Cuxart and Holtslag 2006; Storm et al. 2010) , which may explain some of the insensitivity of rotor-layer wind speed to patch size. 
Estimating the Resulting Power Output and Economic Benefit
The statistically significant wind-speed impacts described in the previous sections demonstrate the potential benefits of targeted crop selection. However, the primary quantities of interest to wind-farm operators are the resultant power-output increase and possible economic gain. Wind-speed gains do not produce equivalent power gains due to the cubic dependence of power on wind speed and the shape of the turbine power curve (as in Fig. 2) . A wind speed increase that occurs in the 6-10 m s −1 range has a larger impact than one that occurs in the 10-12 m s −1 range, and increases for wind speeds above 12 m s −1 have no impact at all. To determine the cumulative crop impact on power output for the hypothetical wind farm in August 2013, we use simulated wind speeds across the farm and the V90 power curve to compute the total wind-farm electrical production. Due to the use of the WFP, wake effects are included in the calculations presented here.
While hub-height wind-speed increases are largest (1.3 m s −1 ) for hub-height wind speeds between 10 and 11 m s −1 , power output increases maximize (171 kW) between 9 and 10 m s −1 , as indicated by the distributions of both quantities in Fig. 11 . Despite sizeable wind-speed increases below 4 m s −1 and above 11 m s −1 , little-to-no benefit in power output is simulated due to the shape of the power curve. If we sum the simulated power-output differences for the whole month of August 2013, we find that 4430 MWh of additional energy would be produced if soybeans replace maize. This increase represents nearly a 14 % gain over the total energy produced in the maize simulation (31,683 MWh). Assuming a typical market rate of US $30-60 per MWh (Wiser and Bollinger 2014), the monetary benefit for the simulated wind farm may range from US $132,900 to as much as US $265,800 during August. Of course, this month typically features the maximum differences between the roughness effects of the crops.
Complicating matters is the persistent trend toward larger utility-scale turbines with higher hub heights and bigger rotor diameters (Wiser and Bollinger 2014) . From Fig. 5 , we see that sampling wind speed at greater heights reduces the impact of crop-roughness changes. In Fig. 12 , we have quantified the maize-to-soybean roughness effect for a number of turbine - Fig. 12 The impact of switching from maize to soybean surface roughness on turbines with increasing hub heights and rotor diameters. The equivalent wind speed is used to quantify the wind-speed change (m s −1 ). Turbines are organized along the abscissa according to the median inflow hub-height wind speed (m s −1 ) experienced under simulated August 2013 conditions sizes utilizing the equivalent wind speed (U eq ), a metric that represents the wind-speed profile across the rotor-disk in a single number Wagner et al. 2009 ). As a result, the equivalent wind speed is more representative of the momentum available to the wind turbine than the hub-height wind speed during conditions with significant rotor-layer shear. The calculation of the equivalent wind speed is discussed in Appendix. Note that the equivalent wind speed does not account for rotor-layer wind veer, which can be significant in certain weather regimes (Walton et al. 2014; Vanderwende et al. 2015) .
Increasing turbine sizes lessens the benefits of targeted crop selection, as seen in Fig. 12 . Turbine hub heights and rotor diameters are visually represented by the scale rotor disks, shaded to represent the impact on the equivalent wind speed by the change in roughness from maize to soybeans. Turbine sizes range from a 17 m rotor-diameter 75 kW turbine to a hypothetical 250 m rotor-diameter 20 MW turbine. These specifications match those used in Fig. 7 .6 of the IPCC Special Report on Renewable Energy Sources and Climate Change Mitigation (2011). The shading represents the equivalent wind-speed gain (m s −1 ) for each turbine, given August 2013 freestream conditions. These results indicate that present turbinesize trends tend to reduce the importance of the land surface in general.
Summary and Conclusions
The prevalence of wind energy in the agriculturally-productive US Midwest region motivated the study of simulated wind sensitivity to crop-induced roughness length changes at a location in central Iowa. We alter the surface roughness over a 56.3 × 56.3 km 2 patch in the WRF model to represent, in four separate simulations, the influence of surface drag from a mature maize crop (z 0 = 0.25 m) and a mature soybean crop (z 0 = 0.1 m) during the month with the largest difference in crop heights. The simulations utilizing the soybean roughness produce increased hub-height wind speeds and decreased rotor-layer wind shear, even in the presence of an array of 121 Vestas V90 1.8-MW turbines. The additional mixing generated by the wind farm slightly reduces the effects of the crop roughness, but impacts on wind speed and shear are still statistically significant for all but the most stable conditions. Different atmospheric stability regimes imposed limits to the upper extent of the roughness impact, but had no consistent effect on the IBL growth rate.
Applying simulated wind-speed changes to the power curve of the V90 turbines produces a time series of total farm power output changes. These values, when summed over the entire month of August 2013, yield a 14 % increase in energy production for the wind farm when the roughness patch consists of soy rather than maize. In terms of capacity factor for the wind farm, the crop switch produces an increase from 20 to 22 %. Using typical market rates of US $30-60 per MWh, the potential monetary gain ranges from US $132,900 to US $265,800. The results also suggest that a smaller roughness patch (as small as 20 2 km 2 ) could be used to produce similar results, increasing the practicality of the proposed crop management. However, the overly-diffusive nature of the WRF model must be considered when analyzing the upward propagation of the roughness forcing. If such vertical diffusion was sufficiently inflated by the model, our results presented herein would likely overstate the impact of the crop change. Finally, we assess how upward trends in turbine size would reduce the impact of crop-roughness changes.
These results hint at the possibility of improving wind-power yield in agriculturallyintensive regions through creative and coordinated crop management. Our findings also suggest the need for joint comparison of the roughness effects predicted by mesoscale numerical models and analytical models. The 14 % power difference estimated here roughly matches that suggested by relationships derived for fully-developed wind-farm boundary layers (Meyers and Meneveau 2012), but such analytical models do not provide guidance on patch size requirements. Such models also assume neutrally-stratified conditions, which are ephemeral in the central USA.
Practical issues remain, such as the considerable spatial requirements of the roughness patch required to influence rotor-layer winds. Even the smaller patch size requirement suggested by the WRF model (20 km 2 ) is very large compared to the average size of a farm in Iowa, which was just above 1 km 2 in 2013 (US Department of Agriculture 2014). It is quite unlikely that such a large contiguous land area could be managed for the benefit of one wind farm. Additionally, crop choices are constrained by other factors such as market prices, soil conditions, and water availability. The significance of the potential economic benefit calculated herein would need to be weighed against these other considerations. Such analysis would be part of a thorough economic study, outside the scope of the present study.
Furthermore, to fully examine the potential impact of crop choices on wind-farm power output, simulations spanning the entire growth cycle with sophisticated representations of the time-varying roughness and moisture characteristics of the crops would be necessary. However, while theory from studies such as Mason (1988) suggest that crop selection over a large area should have an impact on rotor-layer winds, we demonstrate that the crop impact persists despite varied meteorological conditions present in simulated real-world conditions. Our results illustrate the potential of coordination between farmers and wind-power producers, and demonstrate the need for more investigation into crop-turbine interaction.
The equivalent wind speed, first discussed in Antoniou et al. (2009) and Wagner et al. (2009) , represents the whole rotor-layer wind-speed profile with one concise value. This approach has multiple advantages over using the hub-height wind speed and a separate shear metric. It simplifies analysis of the wind resource, and can be used along with expected turbine-power curves to better predict power output for a given wind speed. The development of the metric was motivated in large part by recognition that the hub-height wind speed alone could not accurately predict power output in highly-sheared environments. Although the equivalent wind speed is a significant improvement over using hub-height wind speeds only, it still does not account for the effects of changes of wind direction with height on the turbine inflow.
Multiple discrete wind-speed values at different heights throughout the rotor layer are necessary to compute the equivalent wind speed. Here, we utilize those model levels that lie within the turbine-rotor disk, where the wind speed at each model level is weighted by the fraction of the rotor-disk area encompassed within that grid cell. Therefore, the equivalent wind speed (U eq ) is calculated from,
where N is the number of model levels within the rotor layer, u i and A i are the wind speed and fractional area for the ith grid cell, respectively, and A is the total area of the rotor-disk. Each fractional area is assumed to be the sector of the rotor-disk circle bounded by the midpoints between the model levels above and below the ith level, assuming those midpoints also lie within the rotor-disk layer.
